Abstract-The GERmanium Detector Array (GERDA) experiment at the INFN Laboratori Nazionali del Gran Sasso searches for neutrinoless double beta decay of 76 Ge. The first phase using ∼15 kg of coaxial germanium detectors is ongoing. In a second phase, additional ∼20 kg of newly produced Broad Energy Germanium (BEGe) detectors will be deployed. To limit the generation of cosmogenically induced radioisotopes, the exposure of the germanium to cosmic radiation during the detector production and testing was minimized. An acceptance and characterization campaign of the newly produced detectors was carried out at the HEROICA facility in the HADES underground laboratory in Mol, Belgium. An overview over the complete production process, from isotopic enrichment of the material to the detector testing protocol, is given.
I. THE GERDA EXPERIMENT
The Germanium Detector Array (GERDA) experiment at the INFN Laboratori Nazionali del Gran Sasso uses highpurity germanium detectors to search for neutrinoless double beta decay, 0νββ, of 76 Ge.
A. Neutrinoless Double Beta Decay
Neutrino-accompanied double beta decay (2νββ) has been observed for several nuclei [1] that cannot decay via single beta decay. In this standard-model allowed decay, the nucleus undergoes 2νββ under emission of two electrons and two antineutrinos ν e . Due to the presence of the ν e , the combined energy spectrum of the two electrons is continuous. Measured half-lives of 2νββ are of the order 10 18 −10 21 yr. In the case of 0νββ, on the other hand, the nucleus decays under emission of two electrons without emission of ν e . This process violates the lepton number by two units and is not allowed by the Standard Model. Since all energy released in the decay is carried by the outgoing electrons, the experimental signature is a sharp peak at the Q-value of the decay, Q ββ , in the combined energy spectrum of the two electrons. Current limits for the half-life of 0νββ are of the order 10 24 − 10 25 yr [2] - [6] . A claim for a discovery of 0νββ of 76 Ge was made by a subgroup of the Heidelberg-Moscow experiment [7] , [8] .
B. The GERDA Setup
GERDA [9] , [10] is an experiment designed for the search for 0νββ of 76 Ge. In its present configuration, the sensitivity of the GERDA experiment is limited by the background. A large contribution to the background comes from cosmic radiation. To avoid it, the experiment was built in the INFN Gran Sasso underground laboratories. The overlaying rock provides in average 3400 m of water equivalent shielding, suppressing the cosmic ray muon flux by a factor 10 6 (1 muon/(m 2 ·h)). The environmental background component is reduced by graded shielding. The germanium detectors are submerged in a stainless-steel cryostat with a diameter of 4.2 m, filled with 64 m 3 of liquid argon (LAr). Material close to the detectors is minimized: the bare germanium detectors are directly submerged in the LAr, using minimal support and cabling. The cryostat is surrounded by a water tank with a diameter of 10 m and a height of 9 m, containing 580 m 3 of ultra-pure water. The water serves as shielding from photons and spallation neutrons from outside the water tank. The water tank is equipped with photomultiplier tubes to detect thȇ Cerenkov light of remaining cosmic muons. All materials used to build the experiment were screened to guarantee their radiopurity. On top of the water tank, a class 10 000 clean room is located and the detector strings are inserted into the cryoliquid through a lock system. The exposure for the detectors above ground is avoided as far as possible to reduce cosmogenic activation to a minimum. A sketch of the GERDA experiment is depicted in Fig. 1 .
Several techniques have been developed to reject remaining background events. In general, background events have a different topology than 0νββ events. Most 0νββ events will deposit their energy locally within a sphere with a radius of ≤1 mm due to the limited range of electrons in germanium.
These are so-called single-site events, SSE. The main background contribution comes from Compton-scattered photons. Their energy deposits are usually separated by centimeters, producing so-called multi-site events, MSE. It is therefore very unlikely that more than one detector in the array has an energy deposit in the case of a signal event. So, an anti-coincidence cut between different detectors allows for further reduction of the background.
Background events can additionally be reduced using pulse shape analysis, PSA [11] , [12] . In this case, the pulses generated by the detectors in response to the energy depositions are analyzed. This allows to distinguish between different event topologies and thus to discard background events.
C. GERDA Phase I
The first phase of the GERDA experiment started data taking in November 2011 with eight coaxial germanium detectors, enriched in 76 Ge to a level of ∼86% and three natural germanium coaxial detectors. The full width at half maximum, FWHM, at Q ββ = 2039 keV varies between 4.5 and 5. 
D. GERDA Phase II
The goal of GERDA Phase II is an increased sensitivity,
where ε is the detection efficiency, f is the abundance of 76 Ge, M the total detector mass, t the effective measurement time, BI the background index, and ΔE the energy resolution at Q ββ . To increase M , additional ∼20 kg of enriched germanium detectors will be deployed. In order to reach an improved BI and ΔE, a novel design was chosen for the Phase II detectors: Broad Energy Germanium, BEGe, detectors. A schematic drawing is depicted in Fig. 2a , whereas a picture of a typical BEGe detector can be seen in Fig. 2b . The n + surface with a thickness of 0.5-1.0 mm, covering almost the complete surface of these p-type detectors, serves as high voltage contact, whereas the signal is read out at the point-like p + contact, which has a thickness of approximately 600 nm. Small grooves separate the electrodes. The distinctively reduced size of the read-out electrode leads to a lower capacitance and therefore lower noise level compared to coaxial detectors, improving significantly ΔE. At 1.33 MeV, FWHM of typically 1.75 keV can be reached with the detectors operated in vacuum. Thanks to the smallness of the p + contact, the electric field of a BEGe detector has a very peculiar shape. This allows a very effective PSA and very good distinction between SSE and MSE, that is between signallike events and events from gamma-ray background. In Fig. 3 , typical charge pulses for SSE and MSE in a BEGe detector are depicted in the top panel, whereas the lower panel shows the corresponding current pulses.
Very distinct differences between the two event topologies can be observed. This leads to the definition of the A/E parameter, where A is the amplitude of the current pulse, whereas E is the energy of the event, determined from the height of the charge pulse. An event selection based on A/E has proven to be very effective in distinguishing SSE from MSE and thus lowering significantly the background. Details can be found elsewhere [14] - [17] .
In addition, the liquid argon will be instrumented to read out the scintillation light following energy depositions from background photons in the cryoliquid. A coincidence of a scintillation light signal with an energy deposit in one of the germanium detectors allows to tag these events as background events, lowering BI. The goal of GERDA Phase II is a BI of 10 −3 cts/(keV·kg·yr). With an exposure of ∼100 kg·yr this will allow to reach T 0ν 1/2 limits of the order of 1.35·10
26 yr. Already in July 2012, five newly produced enriched BEGe detectors were inserted into the GERDA experiment, allowing to accumulate an exposure of ∼2.2 kg·yr. An average FWHM of ∼3 keV at Q ββ was reached and a BI of 4 · 10 −2 cts/(keV·kg·yr) before application of PSA.
II. PRODUCTION OF THE GERDA PHASE II DETECTORS
To guarantee the extremely low background level needed for the GERDA experiment, the production of 30 new BEGe detectors was carefully planned and carried out. Fast neutrons from the cosmic radiation produce radio-isotopes such as 60 Co and 68 Ge via spallation reactions in germanium. The decay of these cosmogenic radio-isotopes mimics the signal events, increasing BI. Therefore, the exposure of the germanium to cosmic radiation had to be minimized during the entire production process. To this scope, the material and later the diodes were always transported in a shielded container. At all production sites, underground storages were identified and the germanium was transported between the storage location and the production site on a daily basis. The exposure was rigorously tracked in order to estimate and control the activation.
The steps in the production process of the BEGe diodes were:
• The production of GeO 2 enriched in 76 Ge to a level of ∼88% at Electrochemical Plant, in Zelenogorsk, Krasnojarsk, Russia.
• The metal reduction and zone refinement to obtain 6N grade material at PPM GmbH in Langelsheim, Germany.
• The crystal pulling at Canberra Industries Inc., in Oak Ridge, USA.
• The diode production at Canberra Semiconductors NV, in Olen, Belgium.
• The characterization at the HADES underground laboratory, in Mol, Belgium.
• The contacting at Canberra Semiconductors NV in Olen, Belgium.
• The delivery to the GERDA experimental site at LNGS in Assergy, Italy. From initially 37.5 kg of enriched GeO 2 , 30 BEGe detectors with a total mass of ∼20 kg were produced. The cosmic activation was limited to ∼20-50 68 Ge nuclei/kg and ∼20-40 60 Co nuclei/kg, resulting in an approximate BI of ∼ 4 · 10 −4 cts/(keV·kg·yr) and ∼ 4 · 10 −5 cts/(keV·kg·yr), respectively.
III. CHARACTERIZATION OF THE GERDA PHASE II DETECTORS
In order to assure the best possible sensitivity of the GERDA experiment, the newly produced BEGe detectors had to meet very critical specifications, not only in terms of radio-purity and enrichment but also in terms of performance. Meeting the requirement of a very good energy resolution and quality of PSA methods is mandatory in order to reach the goals of Phase II. In addition, detector parameters like active volume fraction, depletion voltage, dead layer uniformity and others have to be known very precisely as they have a direct effect on the precision of the measurement of T 0ν 1/2 via the detector efficiency. Therefore, within the Hades Experimental Research Of Intrinsic Crystal Appliances, HEROICA, project, an extensive acceptance measurement campaign was carried out to characterize all 30 BEGe detectors.
The site chosen for these characterization tests was the High Activity Disposal Experimental Site, HADES, in Mol, Belgium. This underground laboratory is situated on the premises of the Belgian Nuclear Research Center SCK·CEN. It is used as a research facility and not as a disposal site. A 223 m clay and sand overburden assures a shielding corresponding to ∼500 m water equivalent, lowering the muon flux by four orders of magnitude. The resulting flux of muons and secondary hadronic showers is less than 0.2 m −2 s −1 . The site was chosen also for logistical reasons: the detector manufacturer was located in Olen, Belgium, at a distance of about 20 km from HADES. This allowed the immediate testing of newly produced diodes and the underground storage of the detectors over night and in between production steps.
A. HEROICA Setups
The HEROICA setup was developed to allow the complete characterization of all 30 detectors in a very tight time schedule, performing measurements on two or more detectors in parallel. The infrastructure is described in detail in [18] . An area of about 15 m 2 was equipped with specifically designed measurement setups, DAQ systems, and a network allowing data transfer to outside institutes. Two different types of measurement setups had been designed:
• A fixed-source measurement table. A lead castle with copper lining protects the diode from environmental radiation. This shielding also allows the simultaneous measurement on different setups in the HEROICA area as it protects also the outside from the source radiation. The setup can be used to expose the diode to a collimated or uncollimated calibration source in a few fixed positions. Fig. 4 shows the fixed-source measurement table. For the HEROICA project, two such setups were built and used.
• A setup with a motor-controlled movable arm, designed to perfom top surface and lateral scans of the diodes with a collimated 5 MBq 241 Am source. The source can be moved along the arm parallel to the surface of the diode with a positioning precision of 1 mm. In addition, a rotation with a precision of 1 degree between 0 and 359 degrees around the crystal axis can be performed. An additional movement of the arm allows to move the source along the lateral surface of the diode, again with a step precision of 1 mm. A picture of the setup is shown in Fig. 5a , whereas Fig.s 5b and 5c show drawings of the top and lateral surface scan positions, respectively. Three of these scanning setups were used for the HEROICA characterization measurements. The infrastructure included HV power supplies and frontend read out via charge sensitive preamplifiers. The DAQ systems consisted of Multi Channel Analyzer, MCA, modules as well as FADC modules. The latter are necessary to record not only the energy spectrum but the also the charge pulse for each event, necessary for PSA studies.
The radioactive sources used for the characterization measurements and their specifications are listed in Table I .
B. Test Protocol
Prior to the start of the testing campaign, investigations had been carried out to determine the necessary measurements for a complete characterization and acceptance testing [19] . To assure analogy to the Phase II detectors, BEGe detectors produced from the residual material of the enrichment process were used. These detectors are depleted in 76 Ge. Based on studies with the depleted diodes, a test protocol comprising all mandatory measurements was developed. Each of the 30 enriched BEGe detectors was tested following this protocol. In the following, an overview over the tested diode parameters and the respective measurements is presented.
1) Energy Resolution and Depletion Voltage:
Precise specifications for the performance of the BEGe diodes had been agreed on with the detector manufacturer. Among these specifications was the requirement of an energy resolution, expressed as FWHM at the 1333 keV 60 Co peak, of better than 2.3 keV and a full depletion voltage below 4000 V. The energy resolution was determined from a 10 min measurement with a 60 Co source at the operational voltage suggested by the manufacturer on the fixed-source measurement table. The photon peak at 1333 keV was fitted with a Gaussian plus a step function to determine the FWHM. An example can be seen in Fig. 6 . All 30 detectors showed an excellent energy resolution between 1.64 keV and 1.86 keV, the average being 1.74 keV.
To determine the full depletion voltage, a high voltage scan was performed using a 60 Co source with the fixedsource setup. The voltage was varied between 500 V and the suggested operational voltage in steps of 50 V, with each measurement lasting between 2 and 5 min. During the HV scan measurements, the leakage current of the diodes was monitored. The resolution, peak integral, and peak position of the 1173 keV and 1333 keV photon peaks in the uncalibrated energy spectrum in dependency of the HV were studied to determine the full depletion voltage. Fig. 7 depicts the energy resolution expressed in MCA counts as a function of the HV for the range 1850 V to 4000 V for a diode with nominal operational voltage 4000 V. It can be seen that the resolution improves with increasing HV. At ∼2750 V it reaches a plateau and remains stable with increasing HV. The starting point of the plateau corresponds to the full depletion voltage of the diode. A similar behaviour is observed for the peak integral and peak positions. Both increase with increasing HV until they saturate at full depletion.
2) Dead Layer and Active Volume: As mentioned before, the active volume of each diode is a critical parameter which has to be known with great precision.
The active volume can be extracted directly by comparing the detection efficiency at the 1173 keV and 1333 keV photon peaks to Monte Carlo, MC, simulations in which the n + dead layer thickness was varied. Due to its much smaller thickness, the p + dead layer can be neglected in this analysis. The best agreement of data and MC determines the active volume. For these and all in the following described MC simulations the Geant4 [20] , [21] based MaGe [22] framework was used. The data set used for this analysis was a ∼60 min data taking run with a 60 Co source at operational voltage at a fixed-source setup. An example of the analysis can be seen in Fig. 8. Fig. 8a shows the 1173 keV photon peak and the fit which was used to extract its absolute intensity. The intensity is then compared to MC simulations with varying dead layer thickness as shown in 8b: the diagonal band shows the peak intensity as a function of the dead layer thickness for the various MC simulations. The active volume can then be calculated using the dead layer thickness corresponding to the intensity measured in the data spectrum. For this method, the assumption of a homogeneous dead layer is made. Since the source activity has to be known very well, this approach is prone to large systematical errors. Therefore, another approach was also followed. Data sets were collected on the fixed-source setup using a 241 Am and a 133 Ba source with a run time of at least 2 h and at least 1 h, respectively. Both sources comprise several photon peaks at low energies in their spectrum. The intensity of these peaks is sensitive to the dead layer thickness. To eliminate systematic effects due to uncertainties on the source activities, the relative intensity of two photon peaks was determined. In the case of 241 Am, the peaks considered were at 59 keV and the summed contribution from the peaks at 99 and 103 keV, whereas for 133 Ba the summation of the peaks at 79 and 81 keV was compared to the peak intensity at 356 keV. In both cases, the ratio of the two intensities was compared to MC simulations with varying dead layer thickness. Again, the MC data set which gave the best agreement was used to deduce the dead layer thickness. In Fig. 9a , the energy spectrum of a 241 Am source is depicted with the fits of the three visible photon peaks. In Fig. 9b , the ratio of the intensity of the 59 keV peak and the summation of the intensities of the peaks at 99 and 103 keV is plotted in dependency of the deadlayer thickness for the MC simulations (diagonal band). The dead layer thickness for the diode is extracted from this plot using the ratio determined from the data.
It is important to note that each method is sensitive to a different region of the detector. Whereas the very low energy of the 241 Am photons probes only the surface, the larger energy of the 356 keV photons from 133 Ba will also probe a part of the bulk volume. The high energy of the 60 Co photons, on the other hand, allows to probe the detector bulk region. It is important to take these different sensitivities into consideration when combining the results of the various methods.
The systematic uncertainties on the active volume comprise uncertainties on detector and cryostat dimensions and positioning during the measurement, uncertainties related to the source such as activity, distance, and material. Furthermore, MC intrinsic uncertainties and DAQ performance uncertainties like dead-time and stability have to be taken into account.
The combination of the first analysis of a subset of detectors results in active volume fractions between 86% and 92% with a total uncertainty of the order of 3%.
3) Pulse Shape Analysis: In order to test the PSA performances of the newly produced diodes, pulse shapes were recorded in an 8 hour run with a 228 Th source. To determine the A/E parameter range for SSE, the double escape peak, DEP, at 1592 keV was used. Events in this peak are selected and their A/E is determined. The parameter is tuned by requesting an acceptance of 90% of these predominantly SSE. Fig. 10 shows the A/E distribution for DEP events of one of the tested diodes. The smaller the FWHM of this distribution, the more efficient is the PSA performance. The suppression of events in the mainly MSE dominated full energy peak, FEP, at 2615 keV and in the continuum in the ±50 keV window around Q ββ after a cut based on the allowed A/E range is a measure for the success of the method. (a) (b) Fig. 9 . (a) The 59 keV peak and the double peak at 99 and 103 keV in the 241 Am energy spectrum, superimposed with a fit. (b) The intensity ratios of the lower energy peak and the sum of the higher energy peaks as a function of the dead layer thickness for the MC simulations (diagonal band). The ratio corresponding to the ratio in the data spectrum allows to extract the dead layer thickness.
1 mm at two angles with a difference of 90 degrees. The measurement time is 2-3 min per point. This scan allows to determine the detector dimensions and to test the charge collection homogeneity.
• Two linear scans on the lateral surface in steps of 1 mm at two angles with a difference of 90 degrees. The measurement time is 2-3 min per point. This scan allows to determine the detector dimensions and to test the charge collection homogeneity. • Four circular scans at different radii on the top surface and a measurement at the diode center. For each event, the pulse shape is recorded. These measurements are performed to study the position dependence of A/E and other pulse shape parameters.
• A circular scan on the lateral surface. For each event, the pulse shape is recorded. These measurements are performed to study the position dependence of A/E and other pulse shape parameters.
To extract the dimensions of the diodes, the count rate in the 59.5 keV photon peak of 241 Am was extracted and plotted as a function of the position. An example for a top surface scan and a lateral surface scan is shown in Fig. 11a and 11b, respectively. It can be observed that the count rate drops rapidly close to the detector edges, allowing a very precise measurement of the diode dimensions. The structures that can be seen in the lateral scan are the holders of the diode inside the cryostat. The fact that they can be seen so sharply demonstrates the quality of the scanning data. The energy of the analyzed photon peak is very low, providing a good sensitivity to inhomogeneities in the detector structure and the dead layer thickness. No anomalies were observed for any of the detectors.
IV. CONCLUSION
With the first phase of the GERDA experiment approaching its end, preparations for the second phase are ongoing. In this second phase, 30 newly produced enriched BEGe detectors will be deployed. Since cosmogenic activation of the material had to be minimized, the production process was a logistical challenge. An acceptance testing campaign was carried out to characterize the diodes and to determine important parameters like the active mass fraction, PSA performance, energy resolution, and depletion voltage. All 30 detectors have been successfully tested. The production is completed and the detectors are ready to be deployed into the GERDA Phase II setup.
